This paper details the results of an experimental study investigating the influence of daylight illuminance levels and indoor temperatures on objective and subj ective performance evaluations, investigated through paper-based tasks and questionnaires, respectively. Experiments were conducted in an office-like test room with controllable indoor temperature and easy-to-change glazing visible transmittance. A total of 84 participants took part in the experiment, performed only under clear sky conditions to avoid variations in illuminance. In a randomized order, participants were exposed to three daylight illuminance levels (on average 140, 610 and 1440 lux) at one of three temperature conditions: 19, 23 and 27°C. Results show that objective performance outcomes were not affected by daylight illuminance or temperature, nor by their interactions, but only by the order of the test presentation (indicating a learning effect). Of the subjective responses, only perceived concentration was affected by daylight conditions, with a self-reported lower concentration under the low illuminance level.
Introduction
Cognitive performance, defined as the extent to which a particular goal is achieved after an activity has been carried out, can be influenced by many factors such as motivation, type of task, personal control and personal characteristics, as well as by the indoor environmental factors (i.e., light, temperature, noise and indoor air quality) (Al Horr et al., 2016; ClementsCroome, 2006) . Considering that performance is one of the inputs in the estimation of productivity, defined as the economic output of a person per unit time, then a change in performance of office workers would correlate directly to the financial outcome of an organization. For this reason, many studies have been conducted to investigate the impact of indoor environmental factors on human performance, focusing on one factor at a time (Baron et al., 1992; Furnham and Strbac, 2002; Heschong Mahone Group, 2003; Lan and Lian, 2009; Reinten et al., 2017; Valančius and Jurelionis, 2013; Wargocki, 1998) . However, building occupants are exposed simultaneously to multiple factors and their performance might depend not only on the presence of individual factors but also on their combination (Torresin et al., 2018) . Only few studies exist on the effects of the simultaneous presence of multiple indoor stimuli on objective or subjective performance (Balazova et al., 2007; Hygge and Knez, 2001; Knez and Hygge, 2002; Liebl et al., 2012; Lin, 2014; Löfberg et al., 1975; Veitch, 1990) . To the best of the authors' knowledge, no study exists on the effect of interaction between temperature and daylight illuminance levels on cognitive performance. Similarly to what reported in the only study on light and temperature interactions with the use of electric light (Löfberg et al., 1975) , high daylight illuminance conditions might lead to higher performance results, but only in neutral thermal condition. The study of the combination of daylight levels with indoor thermal conditions could further expand our understanding of the impact of indoor factors on hu man performance, potentially explaining some past contradicting or null results reported when indoor factors effects on cognitive performance were studied in isolation.
Towards this end, this paper presents the results of a controlled study investigating subjective performance evaluations and paper-based tasks performed under three daylight illuminance levels (140±20, 610±90 and 1440±180 lux, average and standard deviation values measured on the horizontal plane) at three different indoor temperatures (19, 23 and 27°C) .
This study is part of a larger research investigation aiming at understanding interaction effects between daylight and indoor temperatures (Chinazzo, 2019) . More specifically, one of these investigations focused on daylight illuminance levels, and was conducted to investigate the cross-modal effect of daylight illuminance on thermal responses (both perceptual and physiological), the cross-modal effect of indoor temperature on visual perception of daylight illuminance, as well as the combined effect of daylight illuminance and indoor temperature on overall comfort and performance (Chinazzo et al., 2019a (Chinazzo et al., , 2019b . This paper strictly focuses on the performance results, analyzing whether changes of performance could be observed in relation to daylight illuminance levels, temperatures and their interactions. Participants' performance was analyzed with two types of indicators, using objective performance measurements (paper-based tasks) and subjective performance evaluations through a questionnaire.
Method
Experimental investigations were carried out in an office -like test room (3.05 x 6.55 m, presenting a north and a south opening) with controllable indoor temperature and easy-tochange glazing visible transmittance thanks to the application of color -neutral filters. Three levels of indoor temperature were analyzed in combination with three levels of daylight illuminance, following a mixed-design. As a consequence, each participant experienced one temperature level and the three daylight conditions (non-glary as they were sitting close to the north façade), presented in a randomized order across participants, for a total of three hours. Considering the relatively long exposure, experiments were performed only under clear sky conditions to avoid uncontrolled illuminance changes during each experimental session.
Participants
A total of 122 participants took part in the experiment. The responses of 38 of them were not included in the analysis due to unexpected illuminance variations during experimental sessions. As a result, only the responses of 84 participants were analyzed . Participants were equally distributed across temperature levels (28 participants experiencing each temperature condition), with gender completely balanced (14 women and 14 men in each condition). Participants were recruited from the university community in Lausanne (Switzerland) , after a pre-selection process aiming at including people between 18 and 35 years old, with a BMI between 18 and 25 kg/m 2 , that did not make use of drugs or abused of alcohol, in good health and which were French speaking (mother tongue or at least C2 level). Participants that might have been aware of the research aim (due to contacts with the laboratory through lectures, visits and prior experiments), as well as students of disciplines related to the indoor environment (i.e., architecture and civil and environmental engineering) were excluded from the study to avoid biased responses. Written informed consent was obtained previous to the experiment.
Stimuli
The investigation tested the effect of two types of indoor environmental stimuli on participants' performance, namely daylight illuminance and indoor temperature. The two stimuli were presented in a randomized order following a 3x3 full factorial mixed -design, testing three levels of daylight illuminance (low, medium and high) and three levels of temperature (19, 23 and 27 °C) . The daylight illuminance was the within-subject stimulus, experienced by all participants in a randomized order, while the indoor temperature was the between-subject stimulus as each participant experienced only one of the three possible thermal conditions. The three levels of daylight illuminance were achieved with the use of color -neutral filters applied on the glazing of the north and the south openings of the test room, leading to a visible transmittance of 7% (low illuminance), 30% (medium illuminance) and 75% (high illuminance) depending on the glazingfilter combination. The three transmittance combinations resulted in an average of 140 ±20 lux (low), 610±90 lux (medium) and 1440±180 lux (high), measured at the desk level of each participant (for a detailed description of the experimental room see Chinazzo et al. -2018) . The thermal conditions, set and controlled with a radiant system installed in all opaque surfaces of the test room, were chosen to achieve a comfortable condition and two slightly uncomfortable ones (slightly cold and slightly warm) in relation to the clothing ensemble requested to wear by participants (i.e., 0,7 clo -EN ISO, 2006).
Dependent measures
Participants' performance was evaluated using objective and subjective methods. To evaluate the objective cognitive performance, three types of paper-based tasks were repeated at different stages of the experiment. One task evaluated the distributed visual attention (Tsai Partington), another the sustained vigilance ( d2 test) and the last the logical reasoning (Baddeley test) . Then, through a questionnaire, participants expressed their subjective evaluations about the tasks performed, as well as their personal state at the moment of the test (e.g., alertness). These two types of evaluations (i.e., objective and subjective) are described in the following subsections. A description of the indoor environmental stimuli measured throughout each experimental session is also reported in the last subsection.
Objective performance measurements
The ten-minute test battery was composed by thr ee paper-based performance tests investigating different types of office tasks , chosen from those reported in other investigations on the influence of indoor environmental factors on cognitive performance. These tests were chosen instead of others (e.g., Stroop test) because they were fast and easy to be implemented and corrected on paper as, in this experiment, other sources of light such as computers were avoided. Text typing test, despite having been reported to be a good performance indicator as it is a representative of realistic office tasks and, for this reason, it is free from learning effects (due to the fact that most office workers perform it every day) (Wargocki, 1998) , was not used as it involved the use of computers. The three tasks were presented in the same order in all the five experimental conditions (i.e., beginning, three daylight illuminance levels and end -see "2.4. Procedure" section). Different versions of the same test were presented in a rando mized order across participants to reduce the learning effect. For each task, a score indicator and an error indicator were calculated.
The Tsai-Partington test (Ammons, 1955) , evaluating the distributed visual attention, consists of 30 numbers (from 1 to 99) randoml y scattered over the page. The participants' task was to trace a line as rapidly as possible through the numbers in ascending order starting from the "Start" sign in the center of the page, within 40 seconds. The Tsai-Partington score used in the analysis consisted of the total number of links minus the incorrect or missing links. The sum of these two last results consisted in the Tsai-Partington error.
The d2 test developed by Brickenkamp (Brickenkamp, 2002) was used to evaluate the sustained vigilance and concentration. It consists of 14 lines, each containing 47 symbols, either a letter "d" or "p" with either one or two marks (either ' or '') above and/or below each letter. The participants' task was to tick as rapidly as possible only the letter d with two marks, either below or above, within 15 seconds per line. Several indicators could be derived from this test. In this study, we calculated the d2 test score based on equation 1:
where, GZ is the number of marked letters (either correct or non-correct);
F1 is the omission error (number of missed d with 2 marks);
CP is the number of correct marks (d with 2 marks) minus the confusion error (number of marks on the wrong letter);
The considered equation takes into consideration both the global performance indicator (GZ-2*F1) and the concentration performance indicator (CP). The d2 test error indicator, on the other hand, was calculated by summing up the omission and the confusion errors.
The Baddeley test (Baddeley, 1968) , measuring the logical reasoning, consists of a sequence of short sentences followed by a pair of letters ("AB" o r "BA"). The sentences describe correctly or incorrectly the order of the letters following each statement (e.g., "A is followed by B -AB" is correct or "B does not precede A -BA" is incorrect). The participants' task consisted in indicating whether each short sentence correctly described the order of the letter pair or not, by ticking the box "true" or "false" next to each sentence and pair of letters. They had to evaluate as many sentences as possible starting from the first sentence and without skipping any, within 3 minutes. The Baddeley test score was calculated as the total number of sentences evaluated minus the errors and missing evaluations. The sum of these two last resul ts consisted in the Baddeley test error.
Each of the three scores was normalized accordi ng to the maximum possible result of the test and multiplied by 100, to allow comparability across measurements. The obtained values (indicated as test performance in %) are the ones used in the statistical analysis and graphs.
Subjective responses
A series of questions were asked to participants at the end of each performance test battery to record their subjective performance evaluations as well as their personal state. The questionnaire was distributed on a tablet. The questions, presented in the same order, are summarized in Table 1 . For each of the questions, an evaluation name is given to facilitate the result and discussion sections. The responses to each question were evaluated according to the numerical scale indicated in bracket in Table 1 . Extremely alert (1), Very alert (2), Alert (3), Rather alert (4), Neither alert nor sleepy (5), Some signs of sleepiness (6), Sleepy, but no effort to keep awake (7), Sleepy, some effort to keep awake (8), Very sleepy, great effort to keep awake, fighting sleep (9) Energy Please indicate how you feel at this moment. For each pair, put a check mark closer to the adjective which you believe to describe your feelings better:
Fatigue Wide awake (1) -Sleepy (7)
Perceived concentration
How able are you to concentrate right now (on a scale of 1 to 10, where 1 is not able to concentrate at all and 10 is fully able to concentrate)?
(1) -(10)
Work evaluation
With reference to the tasks you just completed, the work was:
Very easy (0) -Very difficult (100)
Effort evaluation
With reference to the tasks you just completed, your effort was:
Very low (0) -Very high (100)
Time pressure
With reference to the tasks you just completed, the pressure caused by the time allowed to complete the tasks was:
Performance evaluation
With reference to the tasks you just completed, your performance was:
Indoor environmental factors' measurements
Indoor environmental conditions were continuously measured over the full duration of the experimental sessions. Indoor temperature was measured through air and globe temperature measurements at 4 different heights for each participant, in agreement with the EN ISO 7726 standard (EN ISO, 2002) . Horizontal illuminance was recorded at the desk level with two luxmeters located on the left and the right of each particip ant (roughly at 40 cm per side). Indoor temperature and illuminance measurements were relied upon to verify that the targeted indoor environmental conditions were maintained and that they were equally distributed across experimental conditions (i.e., illuminance levels in the three dayl ight conditions were constant at the three temperature levels, and indoor temperature in each thermal condition was constant for the three daylight illuminance levels).
Other indoor environmental factors were measured in the middle of the room at a 1-min sampling rate: relative humidity, CO2 concentration and air velocity. The measured values were used to verify constant conditions in all daylight illuminance conditions, as well as acceptable levels throughout the experimental sessions. The raw data referring to the measurements were not included in the statistical analysis as only categorical factors were considered. Moreover, relative humidity and air velocity had very small variations across conditions. Only CO 2 concentration varied substantially during each experimental session, but its variation was totally confounded with the order of presentation of the experimental conditions as it increased over time (i.e., CO2 concentration was higher in the second daylight condition compared to the first one, as well as in the third daylight condition compared to the second one). Figure 1 shows this increase of CO2 concentration over time due to the occupation of the room by participants and the researcher. Due to this systematic increase over time, CO 2 concentration was not included in the analysis. It must be noted that the CO2 concentration was slightly higher compared to the recommended threshold (1030 ppm -American Society of Heating, Refrigerating and AirConditioning Engineers, 2013), but it occurred in all daylight illuminance conditions. Moreover, the recorded values are representative of concentrations typically found in office buildings (Seppänen et al., 1999) . 
Procedure
Two participants at a time took part in the experiment, which lasted approximately 3 hours. The first 45 minutes were used for thermal and metabolic adaptation to one of the three experimental temperatures. In this phase, referred to as "starting condition ", participants were instructed about the goal of the experiment. They were told that their performance will be evaluated in relation to the indoor environment, without specifying if the environment changes nor in which way. In this phase, each performance task was explained in detail, and a first trial was performed by participants for each task after its explanation, without any time constrain (for this reason, these trials were not used in the evaluation of the performance). Then, participants were told that the same test performance battery, composed by the three tasks, will be repeated five times over the course of the experiment, followed by a questionnaire about their selfestimated performance in relation to the tasks completed.
The first performance test battery was performed before the exposure to the daylight levels, in the starting condition, in which electric light was turned on (at 400 lux at the desk level, 3800 K) and daylight was blocked from entering the test room with blackout curtains. This session was used a training phase (this time with the time constrain), to limit the learning effect detected in past investigations (Ammons, 1955; Sleegers et al., 2013; Valančius and Jurelionis, 2013; Wargocki, 1998) . Then, the same tasks were performed during each of the three daylight exposures, experienced in a randomized order across participants . The fifth round was conducted at the end of the daylight exposure, in the "final condition", under the same electric light conditions as at the beginning. Each daylight condition lasted approximately 30 minutes and before the start of the performance test , participants had the time to adapt to the visual condition by visually exploring the room for few minutes (~ 2 min) and by reading a text for 5 minutes. To make sure participants were actively engaged in the reading task, they were told that some questions regarding the text would have been part of the perfor mance evaluation. However, data related to such responses will not be analyzed as responses were closely related to the version of the text distributed. A break time of 10 minutes before each daylight condition, in which participants were told to relax while blindfolded and while listening to music, allowed the change of the filters on the south and north openings.
In each temperature condition, half of the participants were told about the presence of a prize (a gift card), promised to the person with the total highest score (across the five test batteries and the three tasks in each of them). The other half was not informed about the prize.
As daylight was the only source of light for the greatest part of the experiment (except the starting and final conditions), experiments were conducted in both mornings and afternoons, starting between 8:30 and 9:00, or between 12:30 and 13:00, respectively , to maximize the experimental time in sunny conditions. Experiments took place from October 2017 to December 2017 and from April 2018 to June 2018, in a discontinuous way as only days with clear sky conditions were selected. 
Statistical analysis
Objective and subjective performance indicators were analyzed with a linear mixed effects model to study the main effect of daylight illuminance and indoor temperature, as well as that of their interaction. This type of analysis takes into consideration repeated measurements of the performance tasks and of the subjective measures by modeling different intercepts for each participant (random effect factors of the model). In case of significant interactions, additional analyses were conducted at each temperature level, otherwise the interaction term was removed from the model. In case of significant main effect of daylight illuminance or indoor temperature, post-hoc tests were conducted to evaluate all possible pairwise comparisons across the three levels of each factor, applying the multiplicity adjustment Tukey's HSD test to prevent from Type I error (Coolican, 2014) . For all responses, additional covariates were included in the model to consider factors that were balanced in the analysis and/or that could have influenced the results: experimental time (morning or afternoon sessions), gender, prize and order of presentation of daylight condition.
All the analyses were performed with the dataset referring to the daylight conditions, hence excluding the starting and the final conditions. The statistic al tests were performed using the software R (R Core Team, 2017) with the RStudio integrated development environment. The significant level for all analyses was set to 0,05.
Results
Results are reported in two subsections. In the first one, the effects of visual and thermal conditions on objective performance tests are analyzed, together with those of the considered covariates included in the analysis. In the second, the effects on subjective responses are discussed. Table 2 summarizes the significant effects of the modeled factors for each of the three performance tasks, that are considered both in terms of score and error. Only the significant covariates are reported in the column "Other factors". As can be seen, the interaction term between daylight illuminance levels and indoor temperatures was never a significant factor, for all of the objective performance tests. Similarly, indoor temperature did not affect the objective task scores, nor the errors. Daylight illuminance resulted as a significant factor only for the d2 test score (F (2, 243) = 3,25, p = 0,041). However, considering the relatively high p value and the fact that post-hoc tests indicated a (very small) significant difference only between the medium and the high daylight illuminance conditions (estimated difference = 0,74, t(243) = -2,45, p = 0,040), the result can reasonably be considered an effect of chance. As a result, we can consider that objective performance results did not differ according to the daylight illuminance levels, with similar outcomes under the low, medium and high daylight illuminance conditions. The same result occurred at all the three temperature levels investigated.
Effects on objective performance tests
The only significant factor influencing the objective performance indicators, as indicated in Table 2 , was the order of presentation of the daylight conditions (all p's < 0,001). This result occurred for all the normalized scores of the three tests and for the d2 test error (F (2, 243) = 4,26, p = 0,015). As post-hoc tests indicated an increasing score across all performance test trials (for all tasks) and a decreasing number of errors for the d2 test, results imply a learning effect. Figure 2 illustrates the learning effect for the three normalized performance task scores, for the five performance test batteries (hence including the starting and final conditions, not analyzed in the statistical analysis). Effects on subjective responses Table 3 summarizes the results of the statistical analysis performed on the subjective responses of participants, reported after the completion of the objective performance test in each daylight condition. Also in this case, the interaction term and the temperature were never significant factors for the determination of the subjective responses. Contrary to the results for the objective performance tasks, the order of presentation did not affect the subjective responses.
A significant difference under exposure to different daylight illuminance levels was indicated only for perceived concentration (F (2, 243) = 3,59, p = 0,029). Post-hoc tests indicated that the self-reported concentration was significantly lower under the low illuminance exposure compared to the medium one (estimated difference = 0,36, t(243) = -2,39, p = 0,046) and almost significantly lower under the low illuminance level compared to the high one (estimated difference = 0,34, t(243) = -2,23, p = 0,068), independently of the thermal condition. The perceived concentration was significantly affected by the time of day factor (F (1, 243) = 5,14, p = 0,025), with participants perceiving their concentration lower in the afternoon compared to the morning (estimated difference = 0,55, t(243) = -2,26, p = 0,025). Time of day was also a significant factor for perceived fatigue (F (1 , 243) = 6,99, p = 0,009), with people more tired in the afternoon compared to the morning (estimated difference = 0,55, t(243) = -2,64, p = 0,009), and for effort evaluation (F (1, 243) = 5,1, p = 0,026), with a perceived higher effort in the morning compared to the afternoon (estimated difference = 7,1, t(243) = -2,25, p = 0,026). The effort evaluation was influenced by the prize factor as well (F (1, 243) = 9 ,81, p = 0,002), with a perceived higher level of effort whenever the prize was introduced to participants (estimated difference = 9,3, t(243) = -3,13, p = 0,002). The prize was also a significant factor for the work evaluation (F (1, 243) = 4,84, p = 0,030), with an easier work estimated in the absence of the prize (estimated difference = 5,88, t(243) = -2.2, p = 0,030). Finally, the self-estimated performance evaluation was affected by the gender of participants (F (1, 243) = 6 ,38, p = 0,013) as women underestimated their performance in comparison to men (estimated difference = 6 ,6, t(243) = -2,52, p = 0,013). 
Discussion
Very different outcomes were found for the objective and the subjective performance indicators.
The results of the objective performance tasks varied only in relation to the order of trial presentation, showing a learning effect as reported in some past investigations (Ammons, 1955; Sleegers et al., 2013; Valančius and Jurelionis, 2013; Wargocki, 1998) . The presence of the learning effect might be due to the too few "training" tests performed prior to the "real" tests in the daylighting conditions (in this experiment participants performed one training test without time constrain and one with time constrain), to the short exposure time and to the types of test used. These latter, in fact, despite investigating different types of cognitive performance that can be associated with office tasks, might not be representative of the actual tasks performed in offices. For future investigations, other types of test are suggested. In particular, whenever possible to use a computer, the text typing is recommended as it is a typical office task free of learning effect and has been shown to vary according to indoor condition s (Wargocki, 1998) .
Without the presence of learning effects (and eventually longer exposure time), indoor conditions might result as significant factors affecting objective task performance. In particular, it is hypothesized that low illuminance levels might reduce the performance of people.
This hypothesis is corroborated by the outcome related to participants' perceived concentration, which varied in response to daylight illuminance levels, as a lower self-estimated concentration was reported in the low illuminance condition. This occurred independently of the thermal conditions, indicating no interactions between daylight illuminance and temperature. A low selfestimated concentration due to low illuminance conditions, therefore, might affect building occupants' objective performance.
Besides the perceived concentration, the other subjective responses were not affected by daylight illuminance, indoor temperature, or their interaction. On the other hand, other factors influenced some of the responses. Time of day affected fatigue, perceived concentration and effort evaluation. The presence of a prize influenced the work and the effort evaluations. Finally, the gender affected the performance evaluation, with women underestimating their performance in comparison to men.
Conclusion
This study reported the combined effects of daylight illuminance and indoor temperature levels on objective and subjective cognitive performance . Experimental investigations were conducted in an office-like test room to be able to change and control the indoor conditions, and to study the effects of daylight without introducing confounding variables as in field studies.
Results did not indicate significant differences between the low, medium and high daylight illuminance levels for all the dependent variables investigated, except for the self -evaluated level of concentration, which resulted lower under the low daylight illuminance exposure. For all the other objective and subjective performance responses we did not find a significant decrease in performance under low daylight illuminance or an increase of it under high daylight illuminance. Moreover, results were not affected by indoor temperature nor by its interaction with daylight illuminance level.
It must be remarked that, especially for the objective tasks, responses might have been affected by the too few trial tests performed prior to the real tests, the short exposure time and the type of test used. Considering the effect of daylight illuminance levels on perce ived concentration, it was hypothesized that responses of a different type of task (e.g., text typing, free of learning effect) or after a longer exposure time (with repeated test trials), might be affected by daylight illuminance levels as well, with a decreased performance in a poorly lit environment. Moreover, such illuminance influence would occur independently of the thermal conditions inside the room. Further investigations are necessary to confirm these hypotheses.
